A better understanding of the multi-temporal variation in evapotranspiration (ET) at different crop growth stages is the key for determining a reasonable irrigation schedule. In this study, a new device known as 'Water Transformation Dynamical Processes Experimental Device' (WTDPED) was used to monitor ET for maize under controlled environmental and groundwater conditions, and the multitemporal variations of ET considering the combined impact of environmental factors (air temperature (AT), relative humidity (RH)) and groundwater in homogeneous and layered soils were focused on.
INTRODUCTION
As water scarcity is one of the most urgent food security issues in China, identifying and utilizing the most effective water use management methods for improving water productivity is important. The further increase in maize production is limited by several factors, among which water management is possibly the most important, especially in North China (Liu et al. ; Li et al. ) .
For maximizing crop water productivity, water use efficiency needs to be increased by minimizing non-beneficial water uses (Suyker & properties. In addition, some of these studies on the seasonal or daily scale variation of ET did not consider soil factors. Several studies that focused on the variation of ET on more than one time scale proved that considering the meteorological factors and crop characteristics in studying the multi-scale variation of ET is necessary (Liu et al. ; Li et al. , , ) . However, previous studies paid little attention to the combined effects of climatic factors, groundwater, and soil structure on temporal variation of ET. showed that water transport was strongly affected by the layers of packed sand. Therefore, comparing water transport in layered and homogeneous soils is necessary. 20, 43, 53, 63, 73, 83, 92.5, 110.5, 130.5, 150.5, 180.5, 210.5, 240.5, and 275 .5 cm to monitor the moisture dynamics and transformation of the soil. The 5TE soil moisture, temperature, and electrical conductivity sensor monitored the volumetric water content, temperature, and bulk electrical conductivity of the soil; the MPS-2 soilwater matrix potential sensor monitored the water potential and temperature of the soil; and the DLS-II-type tensiometer device was used to extract the soil solution from soil layers through a vacuum. The maximal load of each weighing lysimeter was 81 t, and the resolution of the weighing lysimeter system was 180 g.
The groundwater control subsystem (Figure 2(b) ) was composed of a water storage tank, water pipes, and a water supply or drainage device. The controlled electric circuit for the entire water supply and drainage process was made up of a fixed storage tube, a needle for measuring the liquid level, and the corresponding controlled software. monitoring system to check the data at any time. The groundwater level was controlled with a precision of 0.1 cm.
Related control information was transferred to a computer

Experimental design
The average values of 10-year (2000-2010) meteorological data (AT, RH, CO 2 concentration, photosynthetically active radiation, etc.) collected in Beijing were used to simulate the whole growing period of summer maize. AT was modified every 3 h based on the average values at 01:00, 04:00, 07:00, 10:00, 13:00, 16:00, 19:00, and 22:00 to fully reflect the normal diurnal variation. RH was set as the average value of daily RH over the 10-year period.
We measured the photosynthetically active radiation at different heights in the experimental facility, and the lamps were arranged according to the average value of photosynthetically active radiation over the 10-year period. Lights were turned on from 06:00 to 18:00 with three groups on. CO 2 concentration was set to 376 ppm, which was the average value over the 10-year period. The groundwater table depth was set to 2.5 m. The measurement frequency of meteorological data, soil volumetric water content, soil temperature, and soil bulk electrical conductivity was set to 1 h.
Experimental soil samples were collected from a common farmland in Huangcun Town, Daxing District, Beijing, China. Soil type was fluvo-aquic, which is the representative soil type in Beijing. Soil samples were backfilled with homogeneous soil and layered soils. The physical properties of soil in the 0-300 cm layer are listed in Table 1 .
Seeds of the summer maize hybrid ZhengDan958 were planted at 5 cm depth. The planting density was 4,000 plants ha À1 with 63 cm space between rows and 37 cm between plants within each row to achieve optimum irrigation conditions during the whole growing period. The irrigation amount was determined as follows:
where I is the net irrigation water (mm); θ fc is the soil volumetric water contents at field capacity, θ m is the average of measured soil moisture content above 100 cm soil depth (m 3 m À3 ); H is planned moist layer in soil, which was defined as 100 cm in this experiment. 
ET calculation
The ET at time t (mm) was calculated as follows:
where M t is the weight of the system at the time t (kg), M tÀ1
is the weight of the system at the time t À 1 (kg), S is the experimental area (m 2 ), and ρ is the density of water. 
Statistical analysis
One-way analysis of variance (ANOVA) in conjunction with the least significant difference method was used to compare the daily ET between homogeneous and layered soils at p < 0.05. Correlations between ET and AT or RH were tested using Spearman's rank correlation at p < 0.01 and p < 0.05
(two-tailed). All analyses were conducted using SPSS 16.0 (IBM Corp., Chicago, Illinois, USA).
RESULTS AND DISCUSSION
Variation in ET per hour
The ET per hour started to increase at V6 and reached the maximum value of 0.32 mm in homogeneous soil and 0.33 mm in layered soil at V12-VT (Figures 3 and 4) . 
Variation in daily ET
The variation in daily ET followed a bell curve during the entire growing period of summer maize ( Figure 5) However, the correlation between daily ET and RH was uncertain during PT-V12.
Variation in 5-day ET
The variation in 5-day ET followed a bell curve ( Figure 6) and varied from 11.49 mm to 14.98 mm in homogeneous 
Variation in ET at different growth stages
The ET at PT-V3 showed minimum values and accounted for 7.9% and 7.7% of the total ET in homogeneous and layered soils (Figure 7) , respectively; at V3-V6, it accounted for 16.0% of the total ET both in homogeneous and layered soils; at V6-V12, it accounted for 13.7% of the total ET both in homogeneous and layered soils; and at V12-VT, it accounted for 13.5% and 13.7% of the total ET in homogeneous soil and layered soil, respectively. At VT-R3, the V6-V12, sixth leaf to 12th leaf stage; V12-VT, 12th leaf to tasseling-silking stage; VT-R3, tasseling-silking stage to milk stage; R3-R6, milk stage to physiological maturity stage.
ET reached the maximum value of 80.86 mm (25.2% of total ET) in homogeneous soil and 87.73 mm (25.5% of total ET) in layered soil. The ET at VT-R6 accounted for more than 50% of the total ET both in homogeneous and layered soils. Therefore, it is necessary for irrigation at VT-R6 for summer maize from our study.
The total ET during the whole growing period was 321.16 mm in homogeneous soil and 344.09 mm in layered soil. These results were similar to those in previous studies. 
Effect of environmental factors on ET
The ET is significantly affected by crop characteristics (crop type, genotype, growth stage, and plant density), To elucidate the effect of environmental factors on ET during the entire growing period of summer maize, the correlation coefficients between ET and AT or RH were calculated in homogeneous and layered soils (Table 3) . ET was positively correlated with AT and negatively with RH.
These results are consistent with previous studies ( (Figure 8(a) ). Therefore, there was a similar trend between daily recharge and daily ET ( Figure 5 ). Previous research had also shown that when ET is at a maximum, the percentage of groundwater use is also maximal (Soppe & Ayars ; Yang et al. ) . Five-day groundwater recharge also increased greatly at first, then remained at a relatively high level, and finally declined sharply during the whole growth period (Figure 8(c) ). There was a comparable trend between 5-day recharge and ET ( Figure 6 ).
The average 5-day recharge was 0.99 mm in homogeneous soil and 1.00 mm in layered soil. Groundwater recharge increased from V6 to V12, then reached its maximum at VT-R3, and declined gradually (Figure 8(e) ). There was an analogous trend between recharge and ET at V6-R6 for summer maize (Figure 7) .
Daily recharge was positively correlated to daily ET both in homogeneous and layered soils along the linear fitting lines (Figure 8(b) ). The variability between daily recharge and ET was about 45% and 16% by the linear regression in homogeneous and layered soil, respectively.
Five-day recharge was also positively correlated to 5-day ET in both homogeneous and layered soils, and the variability between 5-day recharge and ET was interpreted as about 46% and 29% by the linear regression in homogeneous and layered soil, respectively (Figure 8(d) ). During the whole growth stages, recharge was significantly correlated to ET, and the variability between recharge and ET was interpreted as about 80% and 98% along the linear regression in homogeneous and layered soil, respectively (Figure 8(f) ).
The contribution of daily recharge to daily ET varied from 6.14% to 10.14% with an average of 7.83% in homogeneous soil, while it ranged from 5.88% to 10.00% with an average of 7.63% in layered soil ( Figures 5 and 8(a) ).
The average percentage of 5-day recharge was 7.45% in homogeneous soil and 7.09% in layered soil (Figures 6 and 8(c) ). The contribution of groundwater recharge to ET at V6-V12 was 4.39% in homogeneous soil and 5.76% in layered soil, that at V12-VT was 8.67% and 6.64%, respectively, that at VT-R3, was 7.58% and 7.68%, respectively, and it was 6.64% and 6.89%, respectively, at R3-R6 ( ANOVA results showed that the difference in daily ET between homogeneous and layered soils was significant (Table 4 ). The daily ET was significantly (p < 0.05) lower in homogeneous soil than in layered soil, and the differences in initial soil moisture content was insignificant. Therefore, the differences in the daily ET of summer maize were mainly due to differences in leaf transpiration area, thus suggesting that the latter was greater in layered soil. Therefore, maize growth in the silt sandy loam-loam layered soil was better than in the silt sandy-loam homogeneous soil because layered soil has higher water and nutrient-holding capacities (He et al. ) .
CONCLUSIONS
A better understanding of the multi-temporal variation in ET during different crop growth stages is important for determining a reasonable irrigation schedule. In this study, we used WTDPED to simulate and monitor the growth and water consumption of summer maize in Beijing based on the average meteorological values taken over a 10-year period. Our objective was to illustrate the multi-temporal variation in ET and the effect of environmental and groundwater conditions on it both in homogeneous and layered soils. The main findings are as follows:
(1) During the whole growing period, the ET per hour peaked at 14:00-15:00 on a daily basis and reached a maximum value of 0.32 mm in homogeneous soil and 0.33 mm in layered soil at V12-VT.
(2) The variation in daily ET followed a bell curve during the entire growing period. The average value was 2.57 mm in homogeneous soil and 2.75 mm in layered soil, thus reaching the maximum value of 3.26 mm at 75 days post-planting and 3.43 mm at 61 days post-planting, respectively.
(3) The variation in 5-day ET also followed a bell curve, and it reached the maximum value of 14.98 mm in homogeneous soil and 16.26 mm in layered soil at V12-R3.
(4) The ET at VT-R6 accounted for approximately 50% of the total ET during the entire growing period. The ET reached the maximum value of 80.86 mm in homogeneous soil and 87.73 mm in layered soil at VT-R3.
The total ET was 321.16 mm and 344.09 mm in homogeneous and layered soils, respectively.
(5) During the entire growing period of summer maize, ET was positively correlated with AT and negatively with RH. The daily ET was significantly (p < 0.05) lower in homogeneous soil than in layered soil because of the larger maize leaf transpiration area in the latter. 
